The 5-day biochemical oxygen demand (BOD 5 ) test has been used for over a century to evaluate the concentration of biodegradable organic matter in wastewater effluents. The BOD test is a simple batch test, but it is also time consuming, labor intensive, imprecise, and, due to the dilution of the wastewater, takes a relatively long time to complete. Advances in laboratory instruments and lab ware have made it possible to improve tests to measure oxygen demands of samples. Respirometric techniques are now widely used in Europe and are proposed for inclusion in Standard Methods. The headspace BOD (HBOD) test is a batch respirometric method that was developed only seven years ago. The test overcame many limitations of the BOD test, but its main shortcoming was that it was difficult to rapidly measure oxygen in the headspace of samples. We report here a new method to directly measure oxygen in the headspace of HBOD tubes using a fiber optic probe we refer to as an HBOD probe. We demonstrate that the HBOD probe provides data identical to that obtained with a gas chromatograph, but that sample analysis takes only minutes. Field tests conducted at two local wastewater treatment plants show that HBOD values are obtained in only 2 to 3 days that are similar to the BOD 5 values. We also demonstrate that HBOD values are more precise than those obtained in the BOD test.
INTRODUCTION
The original five-day BOD (BOD 5 ) test was developed over one hundred years ago to determine the strength of waste waters discharged into rivers. The five-day time period was arbitrarily chosen based on the time of flow of the Thames River between London and the sea. By today's standards, it was a simple yet primitive approach, requiring ground-glass stoppered bottles, wet chemical techniques, and wastewater dilutions. strength or that better methods are not needed. The BOD 5 test is a time-consuming procedure that lacks the sophistication, speed and accuracy of other modern analytical techniques. Because of the need to dilute the wastewater for a BOD test, for example, the degradation rate of biological organic matter is slow: the test needs to run 5 days just to achieve removal of about two-thirds of the biodegradable organic matter. A poor choice of dilution can produce a lack of some or even all BOD data when wastewater strengths change by relatively small amounts. Even worse, the test is often incredibly imprecise. Consider the data recorded at a local wastewater treatment plant in Pennsylvania. Three bottles were run using sample volumes of 3, 5, and 7 mL in a 300 mL bottle. The 7 mL sample produced a final DO <1 mg/L, but data from all three bottles were still used to calculate the final BOD 5 reported in the log book. Based upon the two valid bottles, the BOD 5 was 345±70 mg/L (±20% error). Such large errors would not be permitted in any other analytical test.
It is true that not all BOD 5 tests are done this poorly, and that laboratories can often times correct these problems. Well run laboratories at large WWTPs in particular usually do a very good job of monitoring BOD. However, the number of times that the BOD 5 test is incorrectly performed (and incorrectly calculated) can be quite large. Furthermore, the lack of real standards (or alternatives) has made it difficult to say just how accurate the BOD test really is.
Advances in instrumentation and other technologies make it possible to move beyond the BOD test. Although everyone uses a BOD test in the US (because they have to), there are now other options to measure oxygen demand that are based on respirometric techniques. The headspace BOD (HBOD) procedure is a respirometric biochemical oxygen demand (RBOD) test and a general procedure for a RBOD test is now included in Standard Methods for the Examination of Water and Wastewater (APHA et al. 1992 ) as a proposed method. It is too soon to know if RBOD tests will replace the BOD test in the US. In Europe, however, RBOD tests are now routinely used and accepted as a measurement of wastewater strength. The main limitation of the current RBOD tests are that they are expensive on a per-sample basis, and some can require highly trained personnel to operate the instruments. What is needed is a test that is easy to conduct, inexpensive, highly adaptable, precise and accurate.
The HBOD test as a batch respirometric procedure (Logan and Wagenseller, 1993 ) that consists of sealing a volume of wastewater in a gas-tight tube and then incubating the tube (on a shaker table) for given period of time. Oxygen demands exerted within 2-3 days can be correlated to the 5-day BOD. The oxygen demand defined as the HBOD is based on a mass balance of oxygen in the sealed tube using a measurement of the oxygen concentration in the headspace in the tube (Logan and Patnaik 1997) . As in any respirometric test, there is no need to dilute the wastewater. The volume of wastewater added to the tube can be varied to suit the strength of a specific wastewater. The HBOD range of a single tube is much greater than a single BOD bottle dilution, and therefore there is little chance of running the test outside the measurable range.
A new probe, called the HBOD probe, has been developed that can directly measure oxygen in a headspace of the HBOD tube in just seconds. With this improvement, the HBOD test can now be run within a fraction of time necessary for a BOD test. More importantly, there is little new training that is needed for technicians already familiar with the BOD test. Overall preparation
and analysis time of the HBOD test is reduced compared to the BOD test by: no need for sample dilution; faster exertion rate of oxygen demand (typically 3 days versus 5 days); and rapid analysis time (several minutes per BOD bottle versus only seconds per HBOD tube).
In order to prove the utility of the HBOD probe, we conducted tests to compare measurements made with the HBOD probe and a gas chromatograph (GC). Field tests were conducted at two wastewater treatment plants to demonstrate that oxygen demands are obtained in only 2-3 days that are comparable to a BOD 5 .
METHODOLOGY
All wastewater samples (primary effluent, 24-h composite) were collected in 1-L Nalgene bottles from either the Penn State University (PSU) Wastewater Treatment Plant in University Park, PA, or from the University Area Joint Authority (UAJA) Wastewater Treatment plant in State College, PA. Samples were analyzed within 2 hours of collection, and all tests were done in a constant temperature room (20 o C).
HBOD and BOD tests
HBOD samples were performed according to procedures in Logan and Patnaik (1995) , except oxygen in the tube headspace was measured using an HBOD probe. Samples procedures are briefly summarized here. For HBOD tests, an appropriate volume of sample transferred into a 28-mL HBOD tube (BellCo) using a 5 mL digital dispensette (Brinkman, Westbury, N.Y.). Tubes were sealed with a rubber stopper and an aluminum crimp top and incubated in the dark on a shaker table (Lab Line Model 4626) at 150 rpm. For HBOD tests, no dilution step was necessary because oxygen in the headspace is used to replenish the DO in the liquid phase during the test. The HBOD was measured either: daily over a five-day period, or only on the second and third days. Only samples that had a final DO >2 mg/l and more than a DO depletion of >1 mg/L were included in calculations. The DO at the end of the experiment was calculated from gas phase measurements by assuming that the wastewater and gas phases were in equilibrium using where c sat is the saturation dissolved concentration of oxygen obtained from a reference table (e.g. APHA et al. 1992 ) corrected for temperature and pressure.
All BOD 5 measurements were done using 60-mL BOD bottles, according to standard methods (APHA et al., 1992) . Dilution water was prepared by adding one BOD nutrient buffer pillow (HACH Company) into the 6L of distilled water.
The mass of oxygen consumed during HBOD tests was calculated based on the fraction of oxygen utilized in the tube headspace during the incubation period (Logan and Patnaik 1997) using: The range of HBODs that can be measured in a 28-mL tube is listed in Table 1 based on minimum and maximum DO criteria described above and equation 2 assuming typical laboratory conditions. For example, the measurable range of HBODs for headspace volumes of 5 and 15 mL of headspace volumes are 7-50 mg/l and 39-236 mg/l.
Oxygen Measurements
Unless indicated otherwise, gas phase oxygen measurements were made using a fiber optic HBOD probe (Ocean Optics, Inc.). The probe was calibrated to 20.9% oxygen using laboratory air, and to 0% oxygen using tubes prepared in an anaerobic glove box (Coy Scientific). To make a sample measurement, the probe was inserted through the septum of an HBOD tube and the values read off of the computer using software provided by the manufacturer. Oxygen measurements took only a few seconds per tube. All tubes were analyzed in the dark to prevent light contamination of the probe sensor. Some gas phase measurements were made using a GC (Model 8610B, SRI Instruments) equipped with a thermal conductivity detector (TCD) and as described in Logan and Patnaik (1997) . DO measurements for BOD tests were made with an YSI meter and DO probe (Model 50B, Yellow Spring Instruments, OH).
RESULTS
In the measurement region used for the HBOD test, there is a linear response of the HBOD probe with oxygen concentration, and a one-to-one response of the oxygen concentration with the GC and HBOD probe. In side-by-side tests, the HBODs measured using the HBOD probe and the GC were very similar based on a wastewater sample from the PSU Wastewater Treatment Plant (Figure 1) . The GC and HBOD probe provided identical measurements of oxygen above 2-21% of oxygen in the headspace of samples. This is an acceptable range for HBOD tests because it was recommended in earlier tests that the final dissolved oxygen concentration in the water be above 2 mg/L (Logan and Patnaik 1997) . This minimum dissolved oxygen concentration corresponds to 3-5% of headspace oxygen concentrations (depending on atmospheric pressure).
The exertion of oxygen demand in the HBOD test is compared to a BOD 5 value in Figure 2, 
WEFTEC 2000
using a primary effluent sample obtained from the UAJA Wastewater Treatment Plant. The BOD 5 for this sample was 191 ±29 mg/L, shown by a horizontal line in Figure 2 . The HBOD on day 2 (HBOD 2 ) was 168 ±12 mg/L, and on day three, HBOD 3 =212 ±2. From this comparison, we can see that HBOD values similar to the BOD 5 were reached much sooner (after only 2.5 days) due to the higher concentration of microorganisms and biodegradable organic matter in the sample.
The data in Figure 2 also provide a good example about the greater precision of the HBOD test versus that of the BOD test. The standard deviation for the BOD 5 test was 29 mg/L, or 15% of the BOD 5 . The standard deviation for the two HBOD tests was only 2-12 mg/L, or 1-7% of the averages for the respective HBOD 2 and HBOD 3 values.
Field Tests Comparing the HBOD and BOD 5 Tests
More extensive tests were conducted at the UAJA and PSU Plants to determine the ratio of the HBOD 3 to BOD 5 values. Test results for the UAJA Plant are shown in Figure 3 . Here, the average HBOD 3 values were lower than BOD 5 results: HBOD 3 measurements were on average 76 ±22% of the BOD 5 data. This indicates that at the UAJA plant a three day estimate of the BOD 5 could be obtained by multiplying the HBOD 3 value by 1.32. The value obtained would be accurate to within 22% of the BOD 5 . This is considered to be good agreement because the precision of a BOD 5 test itself is only ±20%. HBOD 2 values were also run at this plant, and they were 60 ±11% of the BOD 5 values (data not shown).
At the PSU Plant, the three-day HBOD values were slightly larger than the BOD 5 values. This data is shown in Figure 4 as a function of the BOD 5 data so that the range of the BOD 5 data can be seen. BOD 5 values spanned ~95 to 260 mg/L. Based on the slope of the line in Figure 4 , the BOD 5 values could be predicted by multiplying the HBOD 3 value by 0.93.
DISCUSSION
The invention of a gas phase probe that can quickly (within seconds) measure the concentration of oxygen in test tubes makes the respirometric HBOD test a very practical test. The HBOD probe is only slightly more expensive than a DO probe, making the procedure relatively affordable especially compared to most respirometric tests which require dedicated probes for each sample. The reduction in oxygen analysis time of seconds, compared to that of several minutes for a DO or GC measurement, also can save valuable technician time in the laboratory.
Many respirometric tests are set up to provide continuous monitoring of oxygen demand by wastewater samples. The equipment for these tests tend to be rather complicated to operate or can take up large amounts of space on a per-sample basis. While extensive information on the continuous oxygen uptake by a wastewater may be useful in some instances, mostly what is needed is a single, rapid measurement of oxygen demand. Clearly the HBOD test can fill that need. The HBOD tubes are smaller than BOD bottles but provide more precise estimates of oxygen demand likely because the wastewater does not have to be diluted when added to the bottles. The risk in dilution is that the sample is not homogeneously divided up when placed in BOD bottles.
The HBOD test also overcomes two common problems with the BOD test. First, BOD dilutions often fall outside the range that was expected, resulting in no recordable data for a wastewater sample or a sample based only one or two BOD bottles. The range of HBOD that can be sampled in an HBOD tube is quite large. For example, a range of 7 to 503 mg/L of HBOD can be sampled using only two dilutions. A comparable range using BOD bottles would take five or six dilutions. Thus, a technician will be less likely to lose a sample due to a choice of a sample dilution for the HBOD test. Second, the precision of a BOD test is very poor. Typically, we find a 5% standard deviation between HBOD tubes, but it is almost always less than 10%. This is much less than the typical bottle-to-bottle variation in the BOD test of 10-20%. Thus, the use of a respirometric HBOD could greatly improve laboratory precision of wastewater oxygen demand analysis.
CONCLUSIONS
These experiments demonstrate that the HBOD probe can be used to rapidly measure oxygen in the headspace of HBOD tests. Side-by-side HBOD tests on wastewaters using the HBOD probe and a GC showed indistinguishable results. Measurements using the HBOD probe take only seconds, while those using the GC require several minutes. Wastewater tests done at two treatment plants show that the HBOD test provides oxygen demand data much more rapidly than BOD tests (in about half the time). In addition, the HBOD test is much more precise than the BOD test. It is hoped that HBOD and other respirometric tests will find greater applications for wastewater treatment plant applications. 
